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een DUCE LON 


The work reported herein was to evaluate a subsonic cascade wind tunnel 
eerily, anc, in particular, its suitability for measurements of air flow 
through two-dimensional cascades of compressor olacdes. Detailed flow field 
data are needed from carefully controlled tests in order that newly emerging 
tlow prediction computer methods can be tested and refined. Blade element 
performance data are also needed for new blading designs. 

Theoretical flow through cascades of blades and application of theo- 
retical and experimental data to the design of axial flow compressors are 
treated in Reference 1. Chapter 6 of Ref. 1 coilects and summarizes the 
extensive early cascade studies carried out at NACA. The inportance of 
Obtaining the proper two-dimensional and periodic fiow is empnasized. In 
view of the unique design of the present facility (Figures 1 and 2) how 
ever, it was not certain that the experiences of other investigators would 
necessarily be repeated. 

Before subsonic cascade wind tunnel data can be accented as valid, the 
flow conditions in the tunnel must meet three criteria, Reference 2 dis- 
Memes UIeSe Criteria in detail. First, the inlet flow must be acceptaoly 
vnirorm, <Any disturbances in the airflow snould be caused by the cascade of 
vest olades, and should not pre-exist in the wind tunnel. Static, dynanic, 
end total pressures, and the flow direction, should be uniform over the 
cross-section as the flow enters the test section, 

secondly, the flow passing through the test blading nust be two-di- 
mensione!; tnat is, measured flow characteristics must be reasonably in- 


cependent of spanwise »osition. The standards by which two-dimensionality 


He 





are measured are discussed in Section If. 

The third criterion is periodicity of the near-field initet flow and of 
the outlet flow. In the near-field (within about one chord length of the 
blades), as the airflow approaches the leading edges of the blades, an up- 
stream perturbation occurs as the streamlines adjust to negotiate the blade 
passages. Since the test cascade is intended to simulate an infinite cas- 
cade of blades, the flow characteristics should be tne same at corresponding 
locations in all inter-blade passages. This condition should also hold true 
at the outlet of the blading. 

Barlier work by Moebius (Ref. 3) with the present facility involved 
modifications to the plenum chamber which established satisfactorily uni- 
form flow at the exit of the bellmouth contraction into the test section. 
The purpose of the present study was to determine whether or not suffi- 
ciently two-dimensional and periodic flow could be produced through typical 
compressor cascade configurations within the available range of blade aspect 
ratios, but without the removal of tunnel wall boundary layers by suction. 
The study was preliminary to, and motivated by, a NASA requirement to ob- 
tain test data on specific cascade geometries. 

The notation used to describe the test cascade is given in Figure 3. 
Tests were made with two configurations. First, seven NACA 65—series blades 
were installed at an air inlet angle, fF, = 60 degrees and a stagger angle, 
x= 46.1 degrees. Surveys of the flow, using the instrumentation system 
reported in Ref. 3, showed that the flow at the cascade outlet was grossly 
distorted and certainly far from being two-dimensional. Preliminary re- 
sults obtained with this configuration are reported in Appendix A. A 
cascade of fifteen C-series blades was then installed at an air inlet angle, 


a. = 39.8 degrees and stagger angle, 3'216.21 degrees. The air inlet angle 


1] 





ae 


and diffusion factor (Ref. 1, Chapter 6) were chosen to avproach, as nearly 
as ocssible, those required in the first cascace to be tested for iJASA. 

The results of the experimental program, and the instrumentation and data 
acquisition procedures develoned for future cascade testing, are reported 


in the following sections. 


TT. BAXPSRIMENTAL CONS ToeRATIONS 


Uniformity of the inlet flow field, two-dimensionaiity at mid-snan, and 
neriodicity from biade to blade are necessary (but not sufficient) conditions 
for obtaining valid cascade data. In what follows, the necessary ccnditions 
will first be discussed, then additional experimental requirements will be 
mentioned, 

The requirement for uniformity of the inlet flow is common to all wind 
tunnel testing. In the present facility, verification was needed that the 
inlet guide vanes to the test section produced an acceptably uniform flow 
ahead of the test blading. 

The second condition is that a substantial vortion of the span (at all 
stations in the blade-to-blade direction) must exhibit uniform flow 
characteristics, This will clearly depend on several factors. If the flow 
were truly two-dimensional, the flow characteristics would be completely 
independent of the spanwise location in the cascade. Boundary layers de- 
velop, however, along the side and end walls between the entrance to the 
test section and test cascade. ‘ithin the boundary layers, the total and 
dynamic pressures are lower than they are in the main stream. The growth 
of the boundary layers causes an effective contraction of the main stream 


cross-sectional area, with the result that the velocity and dynanic 


ee 





pressure in the main stream are slightly higner than they would be in truly 
planar, two-dimensional flow. In other installations (Ref. 2, for example), 
this problem was reduced by removing the boundary layers using suction 
through porous walls. One of the objectives in the design of the present 
wind tunnel was ta reduce the need for suction by ensuring uniform boundary 
layers on the side walls in the blade-to-blade direction, and by operation 
at high Reynolds! numbers. A further difficulty caused by the development 
of the wall boundary layers is their interference with the boundary layers 
that form on the surfaces of the blades in the cascade. It is especially 
difficult to establish a substantial svanwise area of uniform flow in the 
region near the suction side of each blade (Ref. 2). 

In planar, two-dimensional flow through a channel (i.e., the flow has 
the same cross-sectional depth at inlet and outlet), continuity requires 
that the product of fluid density and axial velocity remain constant. In 
the cascade wind tunnel, the buildup of boundary layers along the tunnel 
walls, and their interference with boundary layers developed on the blades, 
causes the effective spanwise depth of streamtubes in the main flow near 
mid-span to contract. This results in the product of fluid density and 
axial velocity being slightly higher in the main stream at the outlet of the 
cascade than at the inlet. The ratio of the product at the outlet to that 
at the inlet is generally referred to as the axial velocity-—density ratio 
(AVDR). An AVDR of unity would indicate a perfectly two-dimensional flow, 
while values other than unity indicate departures from tnis condition. 

The third necessary condition is that the flow be veriodic from blade 
to blade. ‘When the cascade has few blades (say, seven or fewer), tne two 
(incomplete) passages, between each end wall and the first adjacent blade, 


become critical. #lexible and porous walls have been used to, in effect, 
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control the bounding streamlines in these regions (Ref. 2). Clearly, as 
the numoer of blades in the cascade is increased, suodject to a satis- 
factorily uniform inlet flow, the end vassages become less critical, and 
periodicity will be more easily achieved over the center blades. Ferio- 
dicity can be verified by flow field measurements or, more sensitively, boy 
comparing surface oressure distributions measured on dirferent blades. 

Yen upstream uniformity, spenwise two-dimensionality, and bliade=-to- 
place periodicity ere acceptable, probe survey data from unstream and 
downstrean of tne olaces can be teken and intesrated to obdtain the two- 
dimensional blade-eLement performance, However, one further condition must 
be met: The survey dava must satisfy the momentum conservation equation 
for the particular value of the AVDR obtained by satisfying continuity. 

As the air is turned in passing through the cascade, the change in its 
momentum can be calculated from the angles and velocities at the inlet and 
outlet. The change in momentum (measured at the spanwise centerline) is 
related to the force on the blades and the change in static pressure across 
the cascade. Integration of the measured pressure distribution along the 
centerline of the blade (in the chordwise direction) yields the pressure 
Sorce exerted by the biade section on tne air. Comoarison of tne measured 
Beesscure force with that calculated fron the change in momentun o2 tne air 


ney 
| 


Mopvae tinal veriticavion that che prover e:merimenval flow conaitions nave 
Neen estaolisned. To date, a comparison of the nressure forces on the 


dblades with those calculated from the changes in momentum has not been nade, 


Seace Dlades instrumented witn vressure tans have not been evailable. 
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eres VACTLELY DESCRIPTION 


A. OASCADE WID TUNNEL 


The subsonic cascade wind tunnel facility was described by Moebius /37 
and, in detail, by Rose and Guttormson Vy Figure 1 shows the layout of 
the facility and its unique test section designe The design ensures that 
the airflow paths from the guide vanes to all blades of the cascade are of 
equal length, This was intended to eliminate the beiGiens in other designs 
caused by having wall boundary layers of different thicknesses (and his- 
tories) entering the cascade at different points. Figure 2 shows a photo- 


graph of the cascade wind tunnel test section. 
Be INSTRUMENTATION 


The position of the instrumentation is shown in Figure 4. 


tae) Wal!) 6 Pressure Tavs 





Static pressure taps were located on the south side wall, 15.25 
inches axially ahead of the mid-chord and 7.25 inches axially behind the 
mid=-chord of the cascade of 5.12 inch (chord) blades. Twenty taps were 
evenly spaced at two inch intervals along the wall in the blade-to-—blade 
direction at each axial location, The taps were connected to a water mano- 
meter board so that the uniformity of the static pressure distribution in 
this direction could be monitored visually. One upstream tap and one down- 
stream tap (near the centerline) were also connected to the Scanivalve, 
through which all pressures were recorded. 

2. Uostream Reference Probe 
A fixed Kiel probe was placed on the spanwise centerline in the test 


section downstream of the turning vanes, but well upstream of the cascade. 
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The probe provided a reference total pressure during the tests. The probe 
was also connected to the Scanivalve, 
3. Unstream Survey Probe 
A United Sensor Corvoration DA 125 probe, Serial no. ASA7-1 (des- 
cribed in Ref. 5 and Appendix B) was mounted in a traversing mechanism 
approximately 11.25 inches axially upstream of the cascade, such that it 
could be positioned anywhere within a section 10 inches wide by 24 inches 
long of the inlet flow cross-section. The probe pneumatic pressures were 
connected to the Scanivalve, and position and yaw angle of the probe were 
recorded using position potentiometers. 
4. Downstream Survey Probe 
A United Sensor Corporation DO-125=24{F=22-CD probe, Serial no. A961=2 
(described in Ref. 5 and Appendix B) was positioned approximately 
11275 inches axially downstream of the cascade, Its mounting and data 
acquisition were identical to those of the upstream survey probe, 
per ourvey Rake 
A rake of static and total pressure probes (described in Appendix C) 
could be substituted for either survey probe. The rake spanned the test 
section and was used to survey in the blade=to=-blade directions Measurements 
were made with the rake mounted in the downstream traversing mechanism. Tne 
rake pressures were connected to the Scanivalve, and the rake yaw and blade= 
to=-blade position were also recorded. 
6. Reference Measurements 
Plenum chamber (supply) pressure and temperature, and atmospheric 
pressure, were recorded with each data scan. The total temperature through- 
out the test section was assumed to be the same as the plenum chamber 


temperature. 
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G. DATA ACQUISITION AND ReDUCTION 


The data acquisition system is shown in Pig. 5. Data was logged, re- 
duced, and plotted using the Hewlett-Packard HP-3052A Data Acquisition 
System (see also Ref. 6). The system used an HP=9845A calculator as a 
controller, with components interconnected on an HF+98034A HP-IB Inter- 
face Bus, including an HG-78K Scanivalve Controller (Ref. 7). 

The programs developed during the present study for acquisition, re~ 
duction, and plotting of data from the cascade wind tunnel are listed and 


described senarately in Reference &,. 


IV. TEST PROGRAY AND PROGHDURIS 


A. PROGRAM DESCRIFPTIO:! 

Table I gives data for the two cascade geometries which were tested. In 
tne first configuration, the cascade consisted of seven 10 % thick HACA 65~ 
Series airfoils of eight-inch chord, snaced eight incnes apart. The intet 
end—wall angle was set at 60 degrees. The stagger angle (for mininun loss 
incidence) was set at 46.1 decrees, and the calculated outlet angle was 40 
degrees. The outlet end wali was tnerefore sev to 4C desrecs, The cal~ 
Beeeaoce Citiusion factor was Dz0.577. In this configuravion, one side wall 
(Iside walls" are those nermencicular to the blade svan) was steel, while 
the other wes onc-inchethicl: nlexigless,. 

memore Gecond conriguration, measurenents vere cirst macae with no blades 
Mme LCS. SeCLIOn, and with the test section inlet air angle, @,= 39.6 
Meerecs, ie “ursose of this test was to ensure first that tne flow from 
the guide vanes into the test section was savis: 


serting tne test blades. A cascade of 15 Ceserics airfoils vas then 
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Mieerwced, the blades had a chord of 5.1e inches and were spaced four inches 
apart, for a solidity of approximately 1.25. Two-dimensionality was ex- 
pected to be improved by the higher aspect ratio, put the Reynolds! number 
was necessarily reduced. he inlet end wall angle was set at 39.5 degrees, 
for an incidence angle calculated to be 10 degrees above tne calculated 
minimum loss incidence angie. ‘The outlet end wails were set at 12,6 Gegrees. 
Myese Values were calculated to achieve a diffusion factor of 0.394. In 
the second confisuration, the one-inch plexiglass wall was replaced wit 
mre) ftaciiity's original steel wall (Rez. 4), since the nlexiglass well was 

‘ 


opservedc to heve bowed. Care wes taken with the end=-plLade—to-end-trall 


cassazes as descrived in Reference 9, 


Tne srocedure used in testingy tne secona configuration wes es foilous. 
Waon tne tunnel running, and oefore data were taken, the outlet end walis 
and tne inlet guide venes were iteratively adjusted to »roduce a very nearly 
MierOrd Ais eribution of stabic »ressure across the iniet and outlet to the 
cascade, as monitored by a nultitube water manometer bank. The adjustment 
Beoceaure is described in Reference 9. 

tne rake probe was used first to survey tne outiet slane to dceternines 
guickiy whether any sdenwise area of uniform flow existed. Integration of 
tne calculated mass flux (using rake inpact pressures and side wall statics) 
on the svanwise centerline of the tunnel was compared with the mass flow 
rate estimated at the lower plane using the Iiiel probe vressure and the in- 
Het side well static pressure measurements. This gave a rough aprroxination 
Sieune AVDR. Periodicity orf the flow was checked by comparing values of 


+ 


votal oressure at corresponding locations in different blade passages. 





Detailed surveys of both the inlet and outlet planes in the blade-to- 
blade direction were then undertaken with the survey probes (described in 
Aopendix B). Integration of inlet and outlet mass flux distributions de- 
rived from the survey measurements was performed to determine the AVDR 
using the method described in Appendix D. The data also provided a con- 
firmavion of the periodicity of the flow. 

All tests were carried out with a plenum pressure to atmospheric 


pressure difference of 16 to 20 inches of water, 


Ve RESULTS AND DISCUSSION 
A. FIRST CONFIGURATION 


The results presented in Appendix A for the first configuration showed 
that the flow at the cascade outlet was distorted and not symmetrical about 
the mid-span plane. The degree of spanwise non-uniformity was quite un- 
satisfactory. The non-uniformity may have been due to stalling of part of 
the cascade, aggravated by leakage between the blade ends and the plexi- 
glass wall, It is also suspected that the technique of using both survey 
probes at once was improper, since the downstream survey probe was then in 
the wake of tne upstream survey probe. The accuracy of the doimstrean 


probe data is therefore questionable. 


Be S#COWD COUSIGURATION 


Tests were first conducted with the cascade blades removed to determine 
the efrect of the guide vanes at the test section inlet. Results obtained 
with the rake probe are renorted in Ref. 9. It was found that the wakes 
from the vanes were not mixed out at the lower measuring plane but gave a 


well defined veriodic variation in the impact pressure. This condition was 
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undesirable, but it could be tolerated while looking only at two-dimension- 
ality and periodicity. Since inlet flow conditions were not uniforn, mass 
averages would be used to calculate proverties at the inlet plane from 
probe measurements. 

Data from the rake probe surveys downstream or the blades in the second 
cascade configuration are listed in Table II and shown plotted in Figures 
6-13. A photegraph of the water manometer board showing the side-wall 
static pressures upstream and dowmstreem of the cascade is shown in Figure 
14e ‘The static pressure was seen to be uniform at both stations to within 
O.1 inches of water following the adjustment procedure described in Ref. 9. 

Figures 6, 7, and & show plots of spanwise total pressure distributions 
at discrete blade-to-blade locations. Figure 9 shows the distribution over 
one blade passage as a three dimensional plot. The data show a satis- 
factorily uniform distribution of total pressure over almost 50 percent 
of the span at all stations. from these data, tne AVDR was estimated to 
be about 1.03. 

Migures 10, 11, 12, and 13 show the spanwise total pressure distributions 
at corresponding positions in the four centermost blade passages, The fig- 
ures show toat the periodicity of the outlet flow, particularly near center 
spen, was excellent. 

The results of individual probe surveys at the upstream and downstrean 
measuring planes at midspan are given in Wigures 15 - 15 First, the flow 
angle variations are shown in Figures 15 and 16, There was measured to oe 
less than £0.5 degrees variation upstream of the cascade, and less than 
% 0.75 degrees variation downstream. The results in Figure 17 are show 
for a blade-to—blade survey across four blade spaces, plotted over a single 


a 


blade space. There was seen to be an apparent lack of periodicity in the 
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results in contrast to the rake results, and an explanation was needed. 

The data in Fig. 17 are show for impact pressure in relation to the up- 
strean (fixed) Kiel probe pressure, normalized to the supply dynamic pres- 
sure calculated from the Kiel probe and wall static pressure measurements. 
This method of normalizing the distribution would be expected to yield re- 
sults which would not depend significantly on fluctuations in the supply 
Conditions. However, that conclusion in turn requires that the Kiel probe 
measurerentsfollow the supply fluctuations linearly. If the inlet flow were 
truly uniform, this condition would be satisfied automatically. The guide 
vanes at the test section inlet, however, generated wakes which were not at 
all well mixed at the Kiel probe (or, as can be seen in Fig. 18, at the 
inlet traversing plane). The consequence was that the Kiel probe, being 

in the wake of a guide vane, measured a reference total pressure which did 
not vary linearly with the mass-averaged total pressure at tne inlet mea 
suring plane, An examination of the probe and reference quantities recorded 


a 


tor the data in fig. 17 showea thet the survey vrobe pressure and the wind 


tunnel suoniy (nlenum) pressure qualitatively followed the same trends, 


whereas tne kiel »robe nressure did not. The examination also shoved tnat 


s 


tne Levei of the sunply pressure was slightly higher during the »robe 


traverse (shown in Fig. 17) from 0 to #5 than it was during the traverse 


Sen: 
' wv 
Vl oa c= 


arom -—c to O. The data were therefore re-reduced by normalizin 


Spect to »lenum suvply vressure and a dimanic oressure based on »lenunm 


+ 
* 


SUDDiv pressure and lower well static mressure (Cref ). The results are 


. 
4 


Be 


eavyen in Taole III and ere shoim plotte genres 12 end 260, it cen be 
t> o qc 


seen tnav »neriodicity of botn the inlet and exit Flow was again confirmed, 


and that acparent fluctuations in the data were reducec. It was concluded 


that a single fixed iiiel probe measurement et the lower nlane was an 
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inadequate reference for cascade performance measurements in view of the 
presence of the inlet guide vane wakes. 
It should also be noted that the presence of the smail (1/5") Kiel probe 


positioned upstream of the lover measuring plane (Fig. 4) was detectable in 


the measurements made at the doimstream plane when the test blading was 


ar7 


removed, The irregular distribution of the rake pressures snow in Fig. 21 


Wes covnd to be due to the presence of the Kiel robe when positioned near 
B@encenter of the test section in the inlet Ylouw. The near symmetrical 
Miser butions showm in Tig. 13 were obtained wisn tns Kiel probe vas moved 


well off center so tnat its wake would not be encountered in tne surveys 
Concucted at the upver meesurenment niene, 

Variations in tne blower sneed (and therefore in inlet dynamic vressure) 
during the prope survey aiso vresented difficulties in caiculating the AVDR. 
the mass flux calculated et each point in the probe survey must be norn- 
alized to a reference mass flux in order to reduce the effect of tine- 
meeyane inlet conditions. the procedure adonted,thicn is given in Appendix 
Bemeees LO Celculate a reference mass flux for each »oint in tue survey 
using plenum pressure as the reference total pressure and lower wall static 
Mee-eoure as the reference static pressure, By intesrating tne mass flux 
ratio at both uvstream and doimstream planes over an integral number of 


blade passages, and taking the ratio of the two integrals, the AVDR was 


found to be approximately 1.06, 


ee 





VI. CONCLUSTIOUS AND RECOMMENDATIONS 


The following conclusions were reached: 

1. The first cascade configuration of seven blades with aspect ratio 
of 1.25 and diffusion factor of 0.577 gave unsuitable flow conditions; the 
results were preliminary, however, because 

i) leakage around the blade ends resulted from a bowed pvlexi- 
glass side wall, 

ii) the proper behavior of the inlet guide vanes with a metal 
screen attached, at the vrescribedg , 60 degrees, was not 
verified before the cascade blades were installed, 

iii) upstrean and dowstream probes were mounted together and 
there might have been interference on the downstream probe 
from the wake of the upstream probe. 

2. The second cascade configuration of 15 blades with aspect ratio 
of 1.95 and diffusion factor of 0.394 gave excellent flow conditions. 
Peecitically, 

i) static pressure was uniform at both unstream and dowstream 
stations to£0.1" water, 

ii) impact pressure was periodic at the uostream measuring plane 
because of inlet suide vane wales. he real-to-pealk vari- 
ation was #4% of dynamic pressure over two-inch intervals. 
The average of tne periodic profile was almost constant in 
the blade=to-olade direction. 

iii) The flow angle at mid-span varied less than ®0.5 degrees 


upstream and less than 20,75 degrees at the dowstrean 
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traversing plane. 

iv) From rake and single survey probe results, the flow doim- 
stream was closely periodic over at least the four central 
blade passages. 

v) The dowmstream flow was independent of spanwise location 
within = 2 inches of the mid-span plane, 

vi) The AVDR wes about 1.06. 

3. The mechanical adjustment procedures for the end walls, and the 
method adopted to set tne geometry of the end walls through the cascade, 
worked well. 

4. The data acquisition software and acquisition procedures were 
Sacistactory, and will serve future studies conducted in the facility. 

The following recommendations are made: 

1. Analyze probe survey data to evaluate fully the blade element 
performance of the cascade (including mass-averaged total pressure loss 
coefficient, actual diffusion factor, and measured deviation angle). 

2e Repeat measurement for a range of incidence angles. 

3. Design and install a screen te eliminate guide vane wakes, and 
repeat blade element measurements. 

4. iUvaluate various flow visualization techniques. 

5. Carry out experiments with blades instrumented with surface 
pressure taps, so that a momentum balance can be carried out on the mid- 
span measurementse 

6. Evaluate the use of upstream side wall suction (for which the 
facility is designed) to reduce the boundary layer thickness and thereby 


control the AVDR and secondary flow effects. 
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TABLE 1. 


Cascade Configuration Data 


Configuration 1 Configuration 2 


Blade type NACA 65-series C-~series 
Number of blades 7 15 
Spacing (s) (inches) 8 4 
Chord (c) (inches) a0 oieeee 
Solidity (©) eso ee 
Thickness (% chord) 10 SS 
Camber angle (¥) 36 210 
Stagger angle WJ) 4u6.1 eee 
Air inlet angle CB, ) 60 39.8 
Incidence angle (1) -4.1 136 
Deviation angle (9) ies Be 
Air outlet angle (Ao) 39.6 Zr 
mmettiision factor (D) mod 0.394 
(Last three values calculated by methods of Ref. 1) 
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Tape 


REDUCED 


THIS REDUCED DATA 


POIHT # 1 


e if 


PLENUM PRESSURE: 17. 


AMBIENT PRESSURE: 


TOTAL PRESSURES: 


POSITIUN Pt-Pa CinHZdd S37 FPURT 
ao 14.64 C 
sno 15.23 = 

1.58 15.24 9 
2.00 14.54 1 
6.50 14.89 2 
4.50 14.65 3 
SoU 14.665 14 
6.350 14.71 13 
i. oe) 14.79 17 
3.990 15.98 1é 
ae Veo 1g 
Sas. V3 er ZY 

STATIC PRESSURES: 

PUSITION Ps-Pa CinHZ2u% S74 FORT 
Y.89 ot5 & 
3.48 las 11 
7.99 lee 16 

14.88 86 el 

FOIHT # 2 RAKE FOSITIUHS 8.397 

PLEHUM PRESSURE: 17.62 FLEHUM TEMF 
AMBIENT PRESSURE: 411.993 

TOTAL FRESSURES: 

POSITION Ptr-Pa CinHso? S“¥Y FURT 
Pare 13.45 , 

oe 14.33 2 
1.38 15.55 a 
ae ae lel a) 
3. a8 16.51 Le 
4.506 16.36 1 
San 16.52 14 
6. erence i 
i erent ls.fe lee 
3.58 16.16 = 
9.25 Lao l 1 > 
aS 12.6 25 

SIHTIC PRESSURES: 

POSITION P2-Pa CinHlu: SY FORT 
H.O0 et a 
3.08 1.85 ie 
7.ua 2.24 ies 

18.00 ie 21 


Rake Survey Data Downstream 


STORET 


RAKE POSITION: 


BS 


RAKE DATA FROM FAW DATA It FILE 
Piprrige RED: 


eo 


PLEWNU 
411.593 


iT Ebr s 


ev 
aw! i 









Rake Survey Data Dowmstream (Continued) 


POINT # 3 RARE PUSITIGH: s.9u7 
PLENUM FRESSURE: 17.68 Peete TEMP. 492.333 
AMBIENT FRESSURES 411.343 


fnt FRESSURES: 


POSITION Pt=Pa Cinhke@> SY“ PORT 
0235 9.16 a 
279 11.34 S 

1.56 14.71 3 
2.90 12.46 10 
3.90 16.97 fz 
4.50 16.86 1-3 
sel 15.84 14 
6.30 15.56 15 
908 16.30 7 
S.56 14.57 18 
9.25 L255 12 
Sr 2 10.71 eu 


STATIC FRESSURES: 


FOSITION Ps-Pa CinH202 S7Y Gk T 
OW. WO 64 Ke 
3.08 1.84 yh 
re. 88 2.18 Lis 

10.8% 211 a 

POINT # 4 RARE PUSTI POH: 4.993 


PLENUM PRESSURES t¢.73 PLEHUM TEMP: 492. 323 
RMBIENT PRESSURE: 411.342 


fide PRESSURES: 


FOSITION Pt-Pa CinH2Z0> Ss. PORT 
2S s.24 , 
ee eal. ct 

Leo ie, 7S 3 
oe Loa 13 
Seo lomo Le 
4.56 ero 13 
2.00 1e.68 14 
E.50 16.58 ries 
Ge. 0 13.03 1 
Ss. 50 19.20 Ls 
Bee S eee Le 
at eons Zn 

STHTIC FPRESSURES;: 

Pies 1 Tah Pes aU Wee > a ease T 
MW, OY .eS tm 
3.60 1./°6 11 
yr. 4 Zl + © 

1y.00 202 21 
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Rake Survey Data Downstream (Continued) 


POIHT # 5 RAKE PUSITIGH: 4.4533 

FLENUM PRESSURE: 17.32 FLENHUM TEMP: 
AMBIENT PRESSURE: 411.757 

TOTAL PRESSURES: 

FOSITION Ptr-Fa CinH2ed> S“Y PORT 

see) 10.78 ie 

ors 13.66 3 
16 L 2 ‘” 
2.00 14.36 TE 
Sa 15.7r¥ te 
4.59 16.16 eS 
Do 16.26 i4 
6&.58 15.97 1S 
Ceo 14.688 Re 
8.56 ites 1s 
Hees 12.78 19 
9.°9 folio 28 

STATIC PRESSURES: 

FOSITION Ps-Pa CinH2d, S74 FORT 
@.66 “oS iS 
3.68 1.608 it 
7.08 1. 9a 16 

18.808 1s 2 I 


POIHT # 6 RAKE POSITION: 4.90% 


PEEMUMN FRESSURE: 17.71 PLEMUM TEMP: 
AMBIENT PRESSURE: 412.165 

immAak PRESSURES: 

POUSITIOQHW Pt-Pa CinHed> a Pik 7 
<2 iz. 36 ° 
se Lal = 

1.56 Pos = ‘4 
2.90 id.s5% 1s 
3. ott i4.16 te 
4.50 14.83 13 
5.0 14.13 14 
6.900 14.25 1S 
fae = 14.34 fa 
3.38 is.e4 1 
ae oS Pay gaie SS 
nia fais 5 25 

STHTIC PRESSURES: 

POSITION Ps-Pa CinmH2d eo ee | 
We eo raltes 5 
3.00 1.589 et 
7.99 135 Le 

14.68 5 ie = 1 
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Rake Survey Data Downstream (Continued) 


POINT # 7 RAKE POSITION: 3.496 

PLEHUM FRESSURE: 17.77 PLENUM TEMP: 
AMBIENT PRESSURE: 411.521 

TOTAL PRESSURES: 


492.353 


PUSITIUH Pt-Pa CinHZu)d Sy ee ie Ti 
2c 12.39 ¢ 
of) Les 3 
1.58 16.85 i 
2.38 Le.e? 18 
3.98 16.68 le 
4.50 16.67 Ue 
2. OU 16.61 14 
6.50 le. 62 13 
rou 15.64 i 
3.5 16.25 13 
3 14.73 ie 
3.79 13.45 20 
STATIC PRESSURES: 


POSITIUN Ps-Pa CinH2u2 3/Y PURT 
0.08 263 6 
3.96 1.36 11 
?.80 2.07 Le 
10.608 .08 Zt 
PULHT # 8 RAKE POSITION: 3.007 


SeenUM PRESSURE: Ir. PLENUM Pee 
AMBIENT PRESSURE: 411.521 
meTHt PRESSURES: 


492,383 


POSITION Pt-Pa CinmHed® Sea PORT 
sae te. , 
nie 14.62 a 

1.96 {6.18 a 
2.58 Weer v 1 
3500 16.39 12 
4,56 16.83 Ve 
S200 16.73 14 
6.2 Loar 2 | ad 
foe 15.61 Ly 
S$. 58 15.88 ee. 
a. OS 14.20 1‘ 
ae ea en 

STATIC PRESSURES: 

PU SITIGH Fs-Pa 1 S04 PAT 
HW. Wn ‘ats o 
3.540 1.37 ent 
mao 2.16 16 

10.00 ~O3 2} 
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Rake Survey Data Downstream (Continued) 


POINT # ¥ RAKE POSITIOQHS 2.341 

Beet EReSoliRE:s 17.71 PeehwE TEMES 492, 333 
FU eHEePREsSoURE: +11.°9¢° 

TOTAL PRESSURES: 


POSITION Pt-Pa CinHe0) S“VY PORT 
AS a Pinel % 
seo loc33 a 

eo lens F) 
f.0ou len os 1a 
a2 00 15.82 2 
4.58 are S 
9.00 16.97 14 
5.o8 1r.o5 Les 
f sae) 17?. 68 17 
8.50 los7? 13 
3.25 Vs. or 1? 
9.79 Vie ou 2g 

STRTIC PRESSURES: 

POSITION Ps-Pa CinHe0> SY PORT 
6.00 0 U5 5 
3.80 i.3l 11 
7.0G 2el3 165 

10.00 sic 2 


POTHT # 18 RAKE POSITIONS: 

Seana PRESSURE: 17.?’2 PLENUM TEMP: 492.333 
BIO PEMN PReEosJRE: 412.029 

fordl PRESSURES: 


POSTTIOH Pt-Fa CinHed>d SY FORT 


soe) Samet fe 
cece ey Se: = 
1.58 ) Sees a a 
2.58 16.65 1a 
3.58 lier & Te 
4.50 15.86 12 
O23 20 be. 2 14 
Bs 0 bess = 
foe 15.568 La 
a. 5a 14.78 3 
Asal Sat ie 
ar ot lu.el oki 
STATIC FPRESSURE'S: 
Peel Tio 's-Pa CinHed: So PORT 
We. es 24n re 
3. HO Lauren al 
rf. UY alee 16 
10.86 -. 43 a 
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Rake Survey Data Downstream (Continued) 


elit #* 11 RAKE POSITIONS 1.4594 


PLEHUM PRESSURE: 17.72 PLEHUM TEMPS #32.353 
AMBIENT PRESSURES 411.757 

TUTAL PRESSUPES: 

POSITION Pt-Pa CinHed) 37 PORT 

oD Leo @ 

ame 19.01 3 
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2. a 16.69 1 
3.228 18.59 ee 
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a. ou Poe 14 
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eS See 13 
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sratTtl€ PRESSURES: 
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WY. 9G »48 6 
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19.6% ~.10 2l 

Pitt &¢ 12 RAKE POSITIGH: . 956 

PLEHUM PRESSURE: 17.75 PLENUM TEMP: 432.393 
RMBIENT PRESSURE: 411.435 

TOTAL PRESSURES: 

POUSTITIOH Pt~-Pa CinHZO> SY PORT 

eee Sico2 ie 

iS Sis a 
Loa 14.66 3 
a ci ome 105 
S.08 16.56 Ve 
oo le. 34 ee 
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Sle fee a 

Bete FRESSURES: 

POSITION Pz-Pa CinHe = ee) 
MN. O8 aa rm 
3. 1.ou ioe 
7.09 2,2 le 

18,00 .18 at 
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Rake Survey Data Downstream (Continued) 


Peunt # 1:3 RAKE POSITION: .367 

PLENUM PRESSURE: 1lf.0c PLEHUM TEMP: 492.3383 
AMBIENT PRESSURE: 411.595 

TOTAL PRESSURES: 


POSITIUN Pt-Pa CinHed> SS“ PORT 
<2 13.31 v 
ARES. le. 44 P= 

1.20 1S. 7a 3 
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STATIC PRESSURES: 

POSITION Pe-Pa CinHe0> SV PORT 
0.80 295 o 
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10.68 mo a1 
POINT # 14 RAKE POSITIOW: .256 


FLENUM PRESSURE: 17.71 Tew TEMPS $32. 383 
AWE GeHT PRESSURE: 412.027 
feel PRESSURES: 


FOSITION Pt-Pa CinHed® 37M PORT 

wo Ite ie 

ae 14.46 o 
loo 13.89 3 
2 Sit 13, SS as 
3.08 14.14 lz 
4.58 t4.44 les 
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6.513 Loa 1S 
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Se a 14.45 le 
so te.r4 au 
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3.40 1.4% ie 
re 80 age Le 
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Rake Survey Data Downstream (Continued) 


POINT i 15 

PLEHUM PRESSURE: i7.°4 
AMBIENT PRESSURE: 

TUTAHL PRESSURES: 


PLEHUM TEMNrs 49. 
411.621 


FOSTITIUOH Pt-Pa CinHe0) 37V PORT 
oes ba 15 e 
Ri: Lan. ba 

i. Su Pots 3 
rae oes 14.5% 1 
Saou 14.52 2 
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Seo 14.31 14 
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FOINT # 16 RAKE FOSITIOWS -.245 

Peewi FRESSURE: 17.68 PLENUM TEMPS 492.3353 
AMEIENT PRESSURE: 411.45 

TOTAL PRESSURES: 

FOSITION Pt-Fa CinH2u) SV FORT 

ae 14.74 7 

ee loan 3 o 
1.90 Lago ‘3 
2,20 15.24 1 
3s J 16.295 Le 
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PuSITlon Ps-Pa wine: 3° PORT 
BW. ae oi 5, 
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7. aU eee Le 
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Rake Survey Data Downstream (Continued) 


POIHT 1° Roice FUSTTION: -.495 
PeeHUM PRESSURE: irf.¢sd PLEHUMN TEMP: 492.393 


AMBIENHT PRESSURE: 
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411.821 
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Rake Survey Data Downstream (Continued) 


POIHT # 19 RARE FOSITION: -1.5 

PEENHUM PRESSURE: 17.7 PLEHUM TENFs 492.383 
AMNBIENT PRESSURE: 411.757 
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Rake Survey Data Downstream (Continued) 
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Rake Survey Data Downstream (Continued) 
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Rake Survey Data Downstream (Continued) 
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Rake Survey Data Downstream (Continued) 
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Rake Survey Data Downstream (Continued) 
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Stirvey Probe: Data (Continued) 
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Survey Probe Data (Continued) 
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Figure 6 


Rake Impact Fressure Data at Upper Plane (llear Blade Suction Side) 
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Figure 7 


Rake Impact Pressure Data at Upper Plane (Near Mid-Span) 
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Figure & 


Rake Impact Pressure Data at Upper Flane (Near Pressure Side) 
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Figure 9 


Rake Impact Pressure Data at Upper Plane (3-D Presentation) 
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Figure 10 


Rake Impact Pressure Data at Upper Plane 
(0.5" from Suction Side of Three Blades) 
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Figure 11 


Rake Impact Pressure Data at Upper Plane 


(1" from Suction Side of Four Blades) 
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Figure 12 


Rake Impact Pressure Data at Upper Plane 
(id-Passage of Four Blades) 
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Figure 13 


Rake Impact Pressure Data at Upper Plane 


(1" from Pressure Side of Four Blades) 
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Vigure 14 


Side Wall Static Pressure Distributions at Upstream and Downstream Stations 
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Probe Survey Data at Mid-Span (Flow Angle Upstream) 
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d-Span (Flow Angle Downstream) 
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Probe Survey Data at M 


Figure 16. 





Pigureé 17 


Probe Suryey Dava at Mid-Span (em =p,)/0:,, Downstream) 
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Figure 18 


Probe Survey Data at Mid-Span “((p,,5 .)-Pi)/ ee Upstream) 
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Figure 19 


Probe Survey Data at Mid-Span ((Po3 en? yy Cnet Downstream) 
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Ficure 20 
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Figure 21 
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Rake Impact Pressure Data at Upper Plane 


Blades Removed, Kiel Probe in Place 
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APPENDIX A: CASCADE TESTS WITH SEVEN NACA 65-SERIES BLADES 


Seven iJACA 65=series blades were installed at an air inlet angle (4 ,) 
of 60 degrees and an air outlet angle (3) of 40 degrees. Heasurenents 
were made with five-hole probes at the inlet and outlet planes. Facility 
configuration and data acquisition were as described by Noebius Ble 

Yigures A-1 through i-4 snow tne measured pressure distributions, 
normaiized to inlet dynamic cressure, at tne outlet of a typical blade 
nassage near the center of the cascade, 

Figure A-1 shows the spanwise distribution of total vressure at five 
blade-to-blade positions in the passage. The data are presented as tae 
difference between total pressure at the iiel probe and total pressure at 
the traversing probe, normalized to inlet dynamic pressure. It can be seen 
that the flow was found not to be two-dimensional, since there is no span- 
wise area of uniform total pressure. 

MWigure A-2 shows the spanwise distribution of dynamic pressure at the 
four positions. Data are presented as dynamic pressure at the traversing 
probe normalized to inlet dynamic pressure. The figure shows a quali- 
tatively similar behavior, witn no region of two-dimensional conditions. 

Figures A-3 and A-4 show the totai and dynamic pressure distributions, 
respectively, as a three-dimensional picture of a blade passage. The dis- 
torted and unsatisfactory nature of the outlet flow can be seen in these 
Figures. 

Data from which Figures A-1 through A-4 were generated are listed in 


Table A.I. 





Table A=] 


First Configuration Frobe Survey Data 
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First Configuration Probe Survey Data (Continued) 
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First Configuration Probe Survey Data (Continued) 
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igure A-1 


First Configuration Results (Ps 17 P4)/ ner Downstrean) 
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Figure A-2 


Tirst Configuration Results (YQ oe Downstream) 
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Figure A-3 


First Configuration Results ((p, 507 7Pt)/ Ger Downstream, 3=D) 
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Figure A=4 


First Configuration Results (0/02 Downstream, 3=D) 
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APPENDIX B: FIVE-SENSOR FLOW SURVEY PRESSURE PROBES 

Two types of five-hole probes were used as traversing probes. The 
United Sensor Corporation DC=125-24-P=22-CD Frobe, serial no, A981-2 (Fig. 
Be1) was used at the outlet plane. The United Sensor Corp. DA-125 Probe, 
serial no. AS47~-1 (Fig. 22) was used at the inlet plane. ‘While the probes 
differ in appearance, they were calibrated and used in a similar way. 

Each probe has five pressure ports. When the nrobe is aligned with the 
flow, port number 1 senses an indication of the total pressure. The otner 
four holes are arranged in pairs on opposite sides of the total pressure 
port, and are at an angle to the air stream. Ports 2 and 3 are in the same 
blade-to-blade plane, as the probe is rotated about its shaft. Ports 4 and 
5 are separated in the spanwise direction. The probe was inserted into the 
airstream through a slot in the side wall. Before the reading of each data 
point, the probe was first rotated about its axis (the test section span- 
Wise axis) until the pressures sensed by ports 2 and 3 were equal, The 
probe was then assumed to be aligned with the flow in the blade-to-blade 
plane. Through the calibration procedure given in Reference 10, the pres~ 
sures sensed by the five ports were used to calculate the pitch angle (¢ ) 
(in the spanwise plane) and velocity (in relation to the "limiting velocity", 
yf" = X) of the flow at the probe. 

A reference inlet dynamic pressure was used to normalize pressure data 
reported in Appendix A. The reference pressure was computed from the total 
pressure measured by the Kiel probe and the static pressure measured by tne 
wall static tap near the inlet plene. These pressures were used to cal-~ 


culate a Nach number and a corresponding dynamic pressure, Before traverse 


UE 





data were taken, the tunnel was run at slightly varying speeds (near the 
normal operating speed) with the lower traversing probe in the center of the 
inlet plane. A linear relationship was established between the dynamic 
pressure measured oy the traversing probe and that computed from kiel and 
wall static pressures as described above. The linear relation was applied 
to the measure of (fixed position) Kiel probe dynamic pressure for each data 


Moai, vO Calculate the reference inlet dynamic pressure for that point. 
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APPENDIX C: RAKE PROBE DESIGN 


The rake probe, used for the first surveys of the Cseries blade cas-~ 
cade, was designed and manufactured in house (Figure G1). It consisted of 
twelve internally chamfered total pressure probes, two static pressure 
probes, and a centerline yaw angle probe, supported from a :" diameter metal 
tube. The rake was installed across the airstream through a slot in the 
side wall, It was rotated about its axis to align the centerline yaw probe 
with the airstream, Sach probe was connected to one port of the Scani-~ 
valve so the sensed pressures could be recorded by the data system, This 
rake probe could be traversed in the blade-to-blade direction, to enable 
surveys to be made of total pressure over a large area in a short period 


or time, 
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Figure C~1 


Rake Probe 


internally chamfered pressure 


: f* probe (typical) 
@ : a 


. i. 
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APPENDIX D: CALCULATION OF THE AXIAL VELOCITY-DENSITY RATIO (AVDR) 


Continuity requires that: 


pe S ne 
(hi pv eB dy = fT hapoep dy as 


where ee density 
V. velocity 
A, air inlet angle 
a. air outlet angle 
h. spanwise streamtube depth 
Ss blade spacing 
1 blade-to-blade dimension, normal to axial direction, 
and subscripts 1 and 2 refer to the test cascade inlet and outlet respectively. 
As air passes through the cascade, boundary layers build up along the 
side walls, contracting the streamtube in the spanwise direction. As a 
measure of the tvo-dimensionality of the flow, the AVDR is tne ratio of the 
equivalent depths of the streamtube at inlet and outlet. The equivalent 
streamtube depth, h,, replaces h, and is taken to be constant over the 
dimension: 
h, (pa Va cos Bad 
AVDR = ha (> P V, cos 3, dx (D-2) 


In practice, uncommanded variations in blower speed may be experienced 





Curing the time required to survey the flow. As a result, tne total mass 
flow rate in the wind tunnel is not exactly constant, leasurements, there- 


fore, actually have a weak (and undesirable) time derendence, Equation (D-2) 


SO 





assumes all measurements are taken at the same moment in time, More 


mrecisely, 


Spelt) Va (it) cosy te) dy 
- (5p: (pte V, (7,0) 037, (7, be) dy 


Since no means exists to take all measurements at once, tne time de~ 





(D-3) 


pendence of these terms must be removed in some other manner. 
In equation (D-3), each integrand has the dimensions (velocity.density). 


fine Fie jnterrands vhe symool ,y we have: 
o o J ti 3 


: Joi Ma ( ib) dl 
AVDR= > M, (, te) Ay 


OW, assume a function, Mgr? Can be found, with dimensions (velocitys 





(D-4) 


density), such that: 


m. (7,t) 
$:(4,t) = carey = k;(7) 


eee 61S NOL a zunction of time (that is, it is not denendent on tunnel 
efi ’ i 


(D-5) 


fe 


air supply conditions). furthemorgs 


; Meg (t)\ [Sta Crtd dy 7 
AVDR= AVDR. Met Wet (6) Enea (D-~6) 
es 


bance Det isemot a2 iiacvion of 2; 1G may be taleen insice tne integral, 
SO tnat 
9 u U i aie aut te) 
Hite 
= Pei SN 
= ay 
ret ( o) i‘ 
Vow consider the integrand of the numerator tern. 3: ecuation (D=5), the 
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ail a oe aoe ee aren 7 “ Sates is ate ale 
ot a Dunction of tine as long as Ry anc U » are measured at 





9° Py pracuice, where ciscrete measurenents are tacen and 
Geeem@erica! Inverpration is performed, it is recuirea only tnat My end mon 
pe measured at tne same time for the sane data noint. In this way, A end 


Hoe Hay very with time, but their ratio (I) remains a function of Yonly, 





Aovlying the same argument to the integrand in the denominator in equa- 
tion (D-7), it can be seen that this integrand is k(%)- Purthernore, 
there is no requirement that both numerator and denominator integrands be 


measured at the same time, since each is, independently, a function oa 
mem Liiereiore: S 
Only Peererore §, R2(n)d 
AYDR= 3 Dag 
LR, &%)d» (D-£) 


In this manner, the time dependence of the measured "velocityv—densities" 
cen be elininated,. 

One way to generate such a "reference velocity-density" is to establish 
a reference density and a rererence velocity which, when nuitiplied together, 
form a quantity which satisfies equation (2-5). ‘Je now also assume f8, and 


a, ere not time dependent. This is justified by the assumption that small 


changes in inlet dynamic pressure will have little effect on the air angies. 


hen, 5 f2(7, to) V5 (7,e) , 
; L( Prot (&)/ | Vref CE) ) © sPala7 


AvDe= Sf Pi (7,61) V, (7, ti) 
I gn te) Vet (t) cos F,() a7 


ale 
7) 





(D9) 





wnere subscripts on t indicate which measurements must be taizen sinul- 
taneously. 

Subject to tne essumpbtions that 

ieee eme air acts as a veriect gas, 

ee tne specific heats are constant, and 


3. «tne total temperature is a function of time only (not of position 


in the wind tunnel), 


tne Toliowing gas dynamic relationships can be used to exoress tne integrands: 
. = ft iL (D-10) 





m1 fs 
fe Rip (D~11) 


V= XV = X{aet (D=12) 


where subscrinvt t refers to "total" quantities, and Vee ect. is the 
ime vine' velocity. 


pve (#2) [1-7] (x BG) 


(p=13) 


- ey es (D-14) 


so that, at each data point, the es can be written as 


ee) Pi XO Ls-% yb] PE casaty) 
myet(2) ta XeOle- x, a0) ee (D-15) 


mslnt;) _ feet 2) Bag (aw cox) (a8) 


Meh (ts) \ifres (tEJ\ Kees EV/] 1 - XFCE) 





so tnat, finall 


fs (ot) X3(y,te) ies 5 tte 
} ( ref Co) XretO)/)| 1- X46 ee) cosfe dey 


fe, (7,6) ps) 1-X¥ 7m, 70 (D-17) 
i aes Xret (t,) Txb] 4 cos, (qa 


The final assumption is that the nlenum vressure satisfies the conditions 


AvDR= 


imposed on as. 3 and that the conditions imposed on x. can be satisfied 


ref er 


ee 





by the quantity 


{ 
— 
ec * i- (i )* vale! 
c 


where Prof is the lower wall static pressure. 

No testing was done to examine these last two assumptions. Consequently, 
it is possible that, in enalyzing the data in this way, the time dependence 
of the measurements was only approximately, and not entirely, eliminated. 
Elimination of the time dependence would require the measurement of ref- 
erence quantities which satisfy equation (D-5) exactly. 

The Ke were calculated by application or the survey probe calibration. 
The Dy. and f3 were measured directly by the probe, The AVDR was calcu- 

ic 


lated by numerical integration of equation (D-17). 
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